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Abstract. Accurate measurements of electron density in the
lower D-region (below 70km altitude) are rarely made. This
applies both with regard to measurements by ground-based
facilities and by sounding rockets, and during both quiet
conditions and conditions of energetic electron precipitation.
Deep penetration into the atmosphere of high-energy solar
proton ﬂuxes (during solar proton events, SPE) produces ex-
tra ionisation in the whole D-region, including the lower alti-
tudes, which gives favourable conditions for accurate mea-
surements using ground-based facilities. In this study we
showthatelectrondensitiesmeasuredwithtwoground-based
facilities at almost thesame latitudebut slightly different lon-
gitudes, provide a valuable tool for validation of model com-
putations. The two techniques used are incoherent scatter of
radio waves (by the EISCAT 224MHz radar in Tromsø, Nor-
way, 69.6◦ N, 19.3◦ E), and partial reﬂection of radio-waves
(by the 2.8MHz radar near Murmansk, Russia, 69.0◦ N,
35.7◦ E). Both radars give accurate electron density values
during SPE, from heights 57–60km and upward with the
EISCAT radar and between 55–70km with the partial reﬂec-
tion technique. Near noon, there is little difference in the
solar zenith angle between the two locations and both meth-
ods give approximately the same values of electron density
at the overlapping heights. During twilight, when the dif-
ference in solar zenith angles increases, electron density val-
ues diverge. When both radars are in night conditions (solar
zenith angle >99◦) electron densities at the overlapping alti-
tudes again become equal. We use the joint measurements to
validate model computations of the ionospheric parameters
f +, λ, αeff and their variations during solar proton events.
These parameters are important characteristics of the lower
ionosphere structure which cannot be determined by other
methods.
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1 Introduction
The high-latitude ionosphere has been intensively studied
using various ground-based facilities as well as rocket and
satellite-borne instruments. There are a number of reasons
to study the polar ionosphere. From a scientiﬁc point of
view, the high latitude ionosphere is the region most af-
fected by magnetosphere-ionosphere interactions, respond-
ing strongly to the extremely complex Sun-magnetosphere-
ionosphere chain of physical processes. The interaction of
solar wind plasma with the terrestrial atmosphere causes
many, very complicated, physical, chemical and dynamical
phenomena in the lower polar ionosphere and mesosphere.
As a result of the extremely variable ionising input in the
form of energetic charged particles, the strong dependen-
cies of ion chemistry on season and solar zenith angle, and
the strong sensitivity to dynamics, the structure of the lower
ionosphere is highly variable. Important features of the lower
ionosphere include the existence of many types of cluster
ions and various negative ions, redistribution of their abun-
dance and of electron concentration during particle precip-
itation, as well as a signiﬁcant role for minor neutral con-
stituents in the processes determining the ionisation balance.
The strong and irregular spatial and temporal variations
in the ionised components and in dynamical processes have
a signiﬁcant inﬂuence on the formation of in-homogeneous
structures. These affect operation of various ground-based
and satellite-borne radio engineering facilities, which are
used for radio communication over a broad frequency range.
In disturbed conditions, the D-region of the ionosphere (50–
90km) impacts substantially on radio wave propagation,
through the absorption of wave energy. The operation of
navigation and communication systems in the VLF/LF range
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depends on the stability of the lower border of the D-region,
where these waves are reﬂected. The use of HF-radiowaves
for long-distance broadcasting depends on the absorption in
the lower ionosphere. The increase of electron density in
the polar ionosphere during high energy electron precipita-
tion (auroral absorption events) and solar proton precipita-
tion (solar proton events, SPE) leads to enhancement of HF
radio wave absorption. This can cause long-lasting black-
outs on the polar radio paths and can change the amplitude
and phase of VLF-radio waves. So investigation of the lower
ionosphere and examination of its structure is still important
for both scientiﬁc and practical reasons.
To improve propagation prediction methods and to ensure
the practicability of radio communication requires knowl-
edge of the spatial and temporal distribution of the electron
density proﬁles in various conditions (quiet and disturbed sit-
uations, different seasons and solar zenith angles). Empiri-
cal and semi-empirical models describing the height distri-
bution of electron density (Friedrich and Torkar, 1992, 1995,
1998a,b, 2001; Friedrich and Kirkwood, 2000; Friedrich
et al., 2006; McKinnell and Friedrich, 2007) are available,
based mainly on measurements of the electron concentration
using radio-wave propagation methods and sounding rock-
ets. However, despite a very large number of experimental
investigations, there are problems in predicting ionospheric
parameters with sufﬁcient accuracy in many geophysical sit-
uations. Moreover experimental data on the lower part of
the D-region are often absent, usually because the very low
values of electron density at altitudes below 70km are very
difﬁcult to measure, especially during quiet conditions, but
even during auroral events when the energies of precipitat-
ing electrons are generally too low to cause ionisation at D-
regionheights. Asaresult, eventhemostcomprehensiveem-
pirical model, the International Reference Ionosphere model
(IRI, see Bilitza and Reinisch, 2008, and references therein)
is not intended to be applied to the auroral zone, and as such
does not meet all of the necessary requirements either for sci-
entiﬁc applications or for forecasting radio wave propagation
over a wide range of frequencies.
Theoretical investigations allow us to understand the na-
ture of, and the reasons for, the variability of ionospheric pa-
rameters and to produce models which take into account all
the factors which inﬂuence the structure of the ionosphere
and the electron density in the corresponding geophysical
conditions. Thus theoretical models can provide us with in-
formation on ionospheric parameters that are important for
describing and understanding the structure of the lower iono-
sphere structure, even if these quantities cannot be estimated
from standard measurements. For example, for any geophys-
ical situation, theoretical models allow us to determine the
height distribution of different positive and negative ions and
of electron density, including the lower part of the D-region,
and to ﬁnd the height, hf +=1, at which the transition from
simple molecular ions to complex ion clusters takes place,
and the height, hλ=1, where the concentration of the nega-
tive ions begins to dominate over the electron concentration.
Theoretical models allow us to estimate height proﬁles of ef-
fective recombination coefﬁcient which can in principle not
be measured. With the help of theoretical models we can
study changes of ionospheric parameters due to both differ-
ent external phenomena (magnetospheric, solar or artiﬁcial)
and to other possible sources (e.g. minor constituent concen-
trations) and to separate the different effects.
In this study we use electron concentrations measured in
the D-region by two different ground-based methods: inco-
herent scatter of radio waves using the EISCAT 224MHz
radar, near Tromsø, Norway, at 69.6◦ N, 19.3◦ E, and the par-
tial reﬂection technique, using the 2.8MHz radar, near Mur-
mansk in Russia, at 69.0◦ N, 35.7◦ E. We use observations by
the two radars at the same universal times, but at different so-
larzenithangles(χ), andcomparetheobservationswitheach
other and with the results of model calculations. We use 1-
min time-averages from both radars, with height resolution
1km for EISCAT and 1.5km for the partial reﬂection radar.
We use experimental data from both radars during the solar
proton event on 17 January 2005, when the ionisation rate in
the D-region is large and measurements of electron density
in the lower ionosphere (h<70km) are more accurate than
for other conditions. We also use experimental data on elec-
tron density obtained with the EISCAT radar at the time of
the very strong SPE on 29–30 October 2003. Under condi-
tions of strong and long duration disturbances (such as SPE),
there is both a large increase in ionisation and changes in the
neutral composition. On the basis of model computations
we investigate variations of ion composition, electron density
and effective coefﬁcient recombination at different altitudes
in the D-region produced by the solar proton ﬂuxes. The
model allows us to separate effects due directly to the growth
of ion production rate from those due to changes in the con-
centration of minor neutral species (NO, O, O3) caused by
the solar proton precipitation. Comparison of the calculated
andmeasuredelectrondensityproﬁlesgivesthepossibilityto
estimate the contribution both of the direct ionisation process
and of minor neutral species to changing the ionospheric pa-
rameters. It also allows us to determine proﬁles of effective
recombination coefﬁcient as a function of χ.
2 Model calculations
Owing to the relatively short lifetime of the ions in the lower
ionosphere, a steady-state computation of the plasma densi-
ties provides an adequate description over a wide range of
conditions and electron density Ne can be considered to be
the result of an equilibrium between ion production rate, q,
and effective electron loss
q = αeffN2
e (1)
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Here αeff denotes the “effective recombination coefﬁcient”,
which is determined by the expression:
αeff = (1 + λ)(αd + λαi) (2)
αd =
αNO+,O+
2 + f +αCl+
1 + f + , f + =
[CL+]
[NO+] + [O+
2 ]
where αi is the coefﬁcient of ion-ion recombination between
positive and negative ions, αNO+,O+ and αCl+ are average
dissociative recombination coefﬁcients of simple molecular
ionsandofclusterions, respectively(Danilov,1981;Danilov
and Smirnova, 1993). The average recombination coefﬁcient
αd depends on f +, the ratio of positive cluster ions to simple
molecular ions. At altitudes below about 70–75km the value
of αeff depends on the ratio of total negative ions to electrons
(λ=N−/Ne). It is clear that if a theoretical model describes
the principal features of ion composition behaviour in vari-
ous conditions, in good agreement with experimental data, it
also describes the effective recombination coefﬁcient and the
electron density. Therefore, the principal purpose, and at the
same time the complexity, of the ion-chemical model con-
struction, is the correct description of cluster-ion formation
from the simple ions, as well as description of the processes
of negative-ion formation and loss in various conditions. In
our study we apply the theoretical ionisation-recombination
model of the D-region developed by Smirnova et al. (1988)
and Osepian and Smirnova (1997), modiﬁed for SPE as de-
scribed in Kirkwood and Osepian (1995) and Osepian et al.
(2008, 2009). The model consists of several blocks: ion-
chemical model; calculation of ion pair production rates with
all sources of ionisation (electromagnetic solar radiation, Ly-
α and Ly-β scatter emissions, solar X-rays, galactic cosmic
rays and high energy particles); neutral atmosphere model,
including minor species; calculation of the effective electron-
neutral collision frequency and radio wave absorption.
In our ion-chemical model, complex transformations and
formations of different ions which are usually described by
large numbers of ion-chemical reactions in detailed schemes
(Arnold and Krankowsky, 1971; Arnold, 1980; Ferguson,
1976; Reid, 1977; Chakrabarty et al., 1978; Turunen and
Ranta, 1992; Kull et al., 1997; Kazil et al., 2003) are sub-
stituted by effective rate coefﬁcients. The latter include the
rates of the main ionic transformation processes and con-
tain the dependencies on the neutral temperature and den-
sity, humidity and the concentration of the minor neutral
species. The main ion-chemical reactions and efﬁciencies
of ion-molecular reactions, in particular with minor neutral
species, forming complex negative ions and positive clusters
in the lower ionosphere, are described in earlier papers (Os-
epian et al., 2008, 2009). The model calculates the height
distribution of the main positive ions (O+
2 ,NO+, hydrated
clusters combined into a cluster+
1 family with recombination
coefﬁcient α∼2×10−6 cm3 s−1, and proton hydrates com-
bined into a cluster+
2 family with α∼1×10−5 cm3 s−1), main
Fig. 1a. Winter: Input values of atomic oxygen (curves 1 and 4),
ozone (curves 2 and 5) and nitric oxide (curves 3 and 6) concentra-
tions. Curves 1–3 – during quiet conditions; curves 4–6 – during
SPE. All proﬁles for χ<90◦.
Fig. 1b. Autumn: Input values of atomic oxygen (curves 1 and 4),
ozone (curves 2 and 5) and nitric oxide (curves 3 and 6) concentra-
tions. Curves 1–3 – during quiet conditions; curves 4–6 – during
SPE. All proﬁles for χ<90◦.
negative ions, O−
2 ,O−,CO−
3 ,NO−
3 , effective recombination
coefﬁcient and electron density.
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2.1 Minor neutral constituents
We present results of the modelling for SPE on 17 January
2005 and 29 October 2003. It is known that the concentra-
tions of a number of minor neutral constituents, which are
input parameters into the model, can change signiﬁcantly
during SPE. Figure 1 shows input values for atomic oxygen,
ozone and nitric oxide at local noon under quiet conditions
(curves 1–3) and during solar proton precipitation (curves 4–
6). For the winter mesosphere (upper panel) the O and NO
proﬁles in quiet conditions (curves 1 and 3) are taken from
the diffusion photochemical model by Zadorozhny (1982).
The O3-proﬁle (curve 2) is taken from the diffusion photo-
chemical model by Rodrigo et al. (1986). For autumn (lower
panel) the concentration of O is from the diffusion photo-
chemical model by Shimazaki and Laird (1970, 1972), O3 –
from the model by Rodrigo et al. (1986), NO from the model
by Zadorozhny (1982). It should be mentioned that the the-
oretical model with these input values of minor species, 1–3,
has been tested for quiet conditions and for auroral events
and has shown good results at altitudes at or above 70km, in
both the night and morning local-time sectors (Osepian and
Kirkwood,1996;Osepianetal.,1995,2000,2001;Kirkwood
et al., 2001).
The effect of solar proton precipitation on the minor
speciesconsistsinenhancedconcentrationofnitricoxideand
depletion of atomic oxygen and ozone concentrations (see
e.g. Swider and Keneshea, 1973; Jackman and McPeters,
2004). For the winter mesosphere, the O and O3-proﬁles
(curves 4, 5) are taken from results by Osepian et al. (2008,
2009); for October they are taken from the neutral chem-
istry model for the SPE-disturbed D-region (Swider and Ke-
neshea, 1973; Swider et al., 1978). During SPE, concentra-
tions of O and O3 are less than in quiet conditions. The con-
centration of nitric oxide during SPE is substantially larger
than in quiet conditions. The NO- proﬁle (curve 6) has been
deduced for SPE in the model by Verronen et al. (2002). The
changes of the odd oxygen concentration with χ during twi-
light are calculated using the simulation results by Turco and
Sechrist (1972). We have assumed diurnal variations of NO
and NO2 concentrations at altitudes below 75km following
the results of Ogawa and Shimazaki (1975).
2.2 Ion production rates
Figure 2 shows differential solar proton ﬂuxes in several en-
ergy intervals and the hard solar X-ray intensity measured
by the satellite GOES-10 on 17 January 2005 (NGDC, ac-
cess: 1 April 2008). The data have a time resolution of
5min. It is seen that the strong solar ﬂare results in a
sharp increase of the solar X-ray intensity, with maximum
intensity (ﬂuxes j1 (0.5–3.0 ˚ A)=9.2×10−5 watt/m2 and j2
(1.0–8.0 ˚ A)=4.1×10−4 watt/m2) at 09:50UT. A change in
the hardness of the energy spectrum of the proton ﬂux can
also be seen, with with the ﬂuxes at the highest energies in-
Fig. 2 . Differential solar proton ﬂuxes and hard solar X-rays inten-
sity observed on 17 January 2005.
creasing after 13:00UT. Differential solar proton ﬂuxes and
hard solar X-ray intensity on 29 October 2003 are presented
in Fig. 3.
Figure 4 shows ion pair production rate proﬁles in the
lower ionosphere produced by solar proton ﬂuxes in the en-
ergy range 2.4–100MeV (curve 1), solar X-rays (curve 2)
and in quiet conditions (curve 3 – no particle precipitation
or X-ray ﬂash) calculated for 09:50UT on 17 January 2005.
It is clear that at latitudes 69.0◦ and 69.6◦, and at solar
zenith angle χ≈90◦ the ionisation rates from the hard solar
X-rays are signiﬁcantly less (by about an order of magni-
tude) than those due to proton ﬂuxes. Curves 4 and 5 present
ion pair production rates for solar proton ﬂuxes at 10:00UT
(χ≈84.7◦) on 29 October 2003 and 09:00UT (χ≈86.7◦) on
30 October 2003 (note that the measurements are made in
polar winter so that the Sun is only a few degrees above
the horizon even at mid-day). Ion pair production rates for
the solar proton ﬂuxes on 29 and 30 October were signiﬁ-
cantly more than for the solar X-rays at these times. It is seen
that, in all cases, intensive proton ﬂuxes with a hard energetic
spectrum, penetrate deeply into the atmosphere and produce
ionisation which is very strong compared to quiet conditions.
This allows both the EISCAT 224MHz radar and the partial
reﬂection facility to make measurements of electron density
even in the lower D-region, at altitudes h<60–65km.
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Fig. 3 . Differential solar proton ﬂuxes and hard solar X-rays inten-
sity observed on 29 October 2003.
2.3 Electron density, parameters f + and λ, and ef-
fective recombination coefﬁcient in the sunlit iono-
sphere
Figure 5 presents proﬁles of electron density measured by
the incoherent scatter (red lines) and partial reﬂection (colour
symbols) methods at 09:50UT (upper panel) and 12:45UT
(lower panel) on 17 January 2005. First of all it should be
noted that the electron density has been measured by the par-
tial reﬂection method (PRM) at 2.4MHz only inside a nar-
row height range, 55–65km. The solar zenith angles, χ,
for the two radars differ by 1◦ at 09:50UT and by 3◦ at
12:45UT. When there is little difference in the χ, i.e. 1◦
(09:50UT), both methods give the same values of electron
density at h=60–65km. For a difference in χ of 3◦, the elec-
tron densities obtained with the two radars differ. In Fig. 6,
Ne-proﬁles measured with the EISCAT radar (red lines) are
presented for 10:00UT on 29 October 2003 (χ=84.7◦) and
09:00UT on 30 October 2003 (χ=86.7◦). The experimental
Ne-proﬁles are compared with model proﬁles. The red dot-
ted lines show values of electron density calculated assuming
that the concentration of the minor neutral species does not
change during the SPE (i.e. using O, O3 and NO-proﬁles 1–3
inFig.1). Inthiscase, atχ≤90◦, themodelNe valuesexceed
the experimental values in the lower part of the D-region by
Fig. 4 . Ion pair production rate proﬁles produced in the lower iono-
sphere with solar proton ﬂuxes in the energy range 2.4–100MeV
(curve 1), solar X-rays (curve 2) and in quiet conditions (curve)
calculated for 09:50UT on 17 January 2005. Curve 4 and 5 – ion
pair production rate proﬁles produced with solar proton ﬂuxes at
10:00UT on 29 October 2003 and 09:00UT on 30 October 2003.
a noticeable amount. As χ increases, the inﬂuence of minor
neutral constituent concentration decreases. The black lines
show Ne-proﬁles calculated taking account of the changed
O, O3 , NO concentrations during SPE (the O, O3 and NO-
proﬁles 4–6 in Fig. 1). It is seen that they are close to the
measured Ne values at all χ. Note that the model results
correctly describe the changes of electron density caused by
changes of χ. In particular, since we can assume the same
ionisation rate at the two sites at any time when solar pro-
ton precipitation dominates (see e.g. Verronen et al., 2007),
the differing χ between the sites provide a very sensitive test
of the χ dependence of the ionospheric response. For the
same ion production rate at 12:45UT the model computa-
tions reproduce well the difference in the electron density at
h≤70km between EISCAT and PRM (Fig. 5b) due to the χ
difference of 3◦.
Figures 7 and 8 show the height distribution of the param-
eters f + (upper panel) and λ (middle panel) and effective re-
combination coefﬁcient (lower panel) calculated at 09:50UT
on 17 January 2005 and at 10:00UT on 29 October 2003
for quiet conditions (blue lines) and during proton precipi-
tation (dashed red lines for the O, O3 and NO-proﬁles 1–
3; black lines for the O, O3 and NO-proﬁles 4–6 in Fig. 1).
Changes in the f +-values due to the growth of the ion pro-
duction rate alone (dashed red line) are very large compared
to quiet conditions, by factors of 5 and 10, on 17 January and
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Fig. 5a. Electron density proﬁles measured (red solid curve
and symbols) and calculated for the SPE on 17 January 2005 at
09:50UT for zenith angles 89.7◦ and 90.7◦ using the O, O3 and
NO proﬁles 4–6 in Fig. 1 (black curve) and using the O, O3 and
NO-proﬁles 1–3 in Fig. 1 (red dashed curve).
Fig. 5b. Electron density proﬁles measured (red curve and sym-
bols) and calculated for the SPE on 17 January 2005 at 12:45UT for
zenith angles 92.8◦ and 95.6◦ using the O, O3 and NO proﬁles 4–6
in Fig. 1 (black curve) and using the O, O3 and NO proﬁles 1–3 in
Fig. 1 (red dashed curve).
29 October, respectively. The transition height hf +=1 de-
scribing the equilibrium between positive clusters and sim-
ple molecular ions is lowered by several km. The parameter
λ does not change with enhancement of the ion production
Fig. 6a. Electron density proﬁles measured by EISCAT radar (red
curve) and calculated for the SPE on 29 October 2003 at 10:00UT
for zenith angle 84.7◦ and 90.7◦ (black curve)using the O, O3 and
NO proﬁles 4–6 in Fig. 1. Red dashed curve using the O, O3 and
NO proﬁles 1–3 in Fig. 1.
Fig. 6b. electron density proﬁles measured by EISCAT radar (red
curve) and calculated for the SPE on 30 October 2003 at 09:00UT
for zenith angle 86.7◦ (black curve) using the O, O3 and NO pro-
ﬁles 4–6 in Fig. 1. Red dashed curve using the O, O3 and NO
proﬁles 1–3 in Fig. 1.
rate alone. As a result the effective recombination coefﬁ-
cient decreases very strongly at altitudes h>60km. Changes
of the minor neutral species concentration during SPE partly
compensate for the effect on the f +- parameter of the sharp
increase of the ion production rate. Changes of the minor
neutral species also lead to large changes (by factors 2–5) of
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Fig. 7a. f + proﬁles calculated for quiet conditions (blue curve)
using the O, O3 and NO proﬁles 1–3 in Fig. 1 and for the SPE on
17 January 2005 at 09:50UT using proﬁles 4–6 in Fig. 1 (black
curve) and 1–3 in Fig. 1 (red dashed curve).
Fig. 7b. λ proﬁles calculated for quiet conditions (blue curve) using
the O, O3 and NO proﬁles 1–3 in Fig. 1 and for the SPE on 17
January 2005 at 09:50UT using proﬁles 4–6 in Fig. 1 (black curve)
and 1–3 in Fig. 1 (red dashed curve).
the λ parameter. The position of the transition height hλ=1,
describing the height where the total density of negative ions
equals the electron density, moves to a higher altitude. The
effective recombination coefﬁcient in the lower D-region (at
h<70km) during SPE is signiﬁcantly increased (by factors
2–3), when we take account of the change of the minor neu-
tral species concentrations caused by proton precipitation.
Fig. 7c. αeff proﬁles calculated for quiet conditions (blue curve)
using the O, O3 and NO proﬁles 1–3 in Fig. 1 and for the SPE on
17 January 2005 at 09:50UT using proﬁles 4–6 in Fig. 1 (black
curve) and 1–3 in Fig. 1 (red dashed curve).
2.4 Electron density and effective recombination coefﬁ-
cient proﬁles at different solar zenith angles
In Figs. 5 and 9–11 we show electron density proﬁles ob-
tained with the EISCAT radar and the partial reﬂection
method during the SPE on 17 January 2005 at the same uni-
versal times (UT), but different local times (LT). At times
when intensive solar proton ﬂuxes are precipitating, the par-
tial reﬂection facility is able to determine electron densities
only within the height interval, between 55 and 70km. Dur-
ing SPE, the EISCAT radar is able to measure electron den-
sities starting from 60–62km. Thus there is narrow range,
from about 60 to about 65–67km, where we can compare
measurements of Ne values between the two. At times close
to local noon, when the χ at the two sites at the same UT dif-
fer only a little (1–2◦), both experimental methods give the
same or close to the same Ne values. During the twilight pe-
riod, at the same moment of UT, the difference between χ for
the two facilities increases. Ne values begin to differ signif-
icantly between the two locations, especially during sunset
periods when the EISCAT radar measures electron density at
χ which are still less than 96◦ but the partial reﬂection radar
measures electron density in the night ionosphere (χ≥99◦).
When both radars are in night conditions, Ne values at the
joint altitudes again converge. Since the measurements at the
two radars are independent, this is ﬁrst of all a good indica-
tion that the experimental electron densities are correct. Note
that, during quiet conditions, or during normal auroral distur-
bances, it is not possible to make accurate measurements of
electron density at such low altitudes because the electron
densities are too low.
The model allows us to calculate electron density proﬁles
starting at 55km altitude. It can be seen that the model Ne
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Fig. 8a. f + proﬁles calculated for quiet conditions (blue curve)
using the O, O3 and NO proﬁles 1–3 in Fig. 1 and for the SPE on
29 October 2003 at 10:00UT using proﬁles 4–6 in Fig. 1 (black
curve) and 1–3 in Fig. 1 (red dashed curve).
Fig. 8b. λ proﬁles calculated for quiet conditions (blue curve) using
the O, O3 and NO proﬁles 1–3 in Fig. 1 and for the SPE on 29
October 2003 at 10:00UT using proﬁles 4–6 in Fig. 1 (black curve)
and 1–3 in Fig. 1 (red dashed curve).
proﬁles calculated for the SPE-conditions (for ion produc-
tion rates produced by solar protons and the O, O3 and NO-
proﬁles 4–6 in Fig. 1) reproduce well the experimental data
obtained with both radars and describe correctly the changes
of the Ne values associated with changes of χ. This implies
that the model describes accurately the changes of the minor
neutral species concentrations due to changes of χ. Based on
the results of the comparison between the two sets of exper-
imental data and between the measured and model Ne pro-
ﬁles, we present in Fig. 12 the effective recombination coef-
ﬁcient proﬁles calculated for the D-region at the different χ
during the SPE on 17 January 2005.
Fig. 8c. αeff proﬁles calculated for quiet conditions (blue curve)
using the O, O3 and NO proﬁles 1–3 in Fig. 1 and for the SPE on
29 October 2003 at 10:00UT using-proﬁles 4–6 in Fig. 1 (black
curve) and 1–3 in Fig. 1 (red dashed curve).
3 Conclusions
Accurate measurements of the free electron concentration
in the lower D-region (at h<70km) using ground-based fa-
cilities or sounding rockets are as a rule not available dur-
ing quiet conditions or during auroral electron precipitation.
Deep penetration into the atmosphere of high-energy solar
proton ﬂuxes (SPE) produces an extra ionisation in the whole
D-region including the lower altitudes. During the SPE on 17
January 2005, electron densities have been measured with
two different ground-based techniques, namely incoherent
scatter of radio waves using the EISCAT 224MHz radar in
Tromsø, Norway (69.6◦ N, 19.3◦ E), and the partial reﬂection
of radio-waves using the 2.8MHz radar in Murmansk, Rus-
sia (69.0◦ N, 35.7◦ E). Information on electron density has
been obtained for heights between 57km and 90km with the
EISCAT radar and in the range 55–70km with the partial re-
ﬂection technique. At the same moments of universal time,
solar zenith angles, at the places where that facilities are lo-
cated, differ by about 1–2◦ at hours close to noon and by
about 3–5◦ during the twilight period. Comparison of the
experimental data obtained with the two radars near noon
shows that, for little difference in the zenith angle (1–2◦),
both methods give close to the same values of electron den-
sity at the joint altitudes (h=60–65km). Maximum differ-
ences between electron densities at the two radars are ob-
served during the twilight period. Measurements with both
radars in the night ionosphere (χ≥99◦) again give close to
the same Ne values. Thus we ﬁnd that the experimental data
are sufﬁciently accurate for us to use them for veriﬁcation of
the model computations.
We use a theoretical model of the D-region, including ion
chemistry and ionisation calculations, to compute electron
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Fig. 9a. Electron density proﬁles measured (red solid curve
and symbols) and calculated for the SPE on 17 January 2005 at
13:00UT for zenith angles 93.4◦ and 96.2◦ using the O, O3 and
NO proﬁles 4–6 in Fig. 1 (black curve).
Fig. 9b. Electron density proﬁles measured (red curve and sym-
bols) and calculated for the SPE on 17 January 2005 at 13:15UT for
zenith angles 94.2◦ and 97.2◦ using the O, O3 and NO proﬁles 4–6
in Fig. 1 (black curve).
density and effective recombination coefﬁcient proﬁles at
different χ during SPE. Using numerical modelling we have
separated effects due directly to the growth of the ion pro-
duction rate and those due to changes in concentration of the
minor neutral species (NO, O, O3) during solar proton pre-
cipitation and have estimated their contribution to changes of
ionospheric parameters (Ne, f +, λ , αeff).
Fig. 10a. Electron density proﬁles measured (red solid curve
and symbols) and calculated for the SPE on 17 January 2005 at
13:30UT for zenith angles 94.9◦ and 99.3◦ using the O, O3 and
NO proﬁles 4–6 in Fig. 1 (black curve).
Fig. 10b. Electron density proﬁles measured (red curve and sym-
bols) and calculated for the SPE on 17 January 2005 at 13:45UT for
zenith angles 95.8◦ and 100.5◦ using the O, O3 and NO proﬁles 4–6
in Fig. 1 (black curve).
Growth of the ion production rate by 2–3 orders of mag-
nitude compared to quiet conditions leads to a signiﬁcant de-
crease in the f +-values and a change in the transition height
hf +=1 by several km, as a result of redistribution of the rela-
tive abundances of positive cluster ions and simple molecular
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Fig. 11a. Electron density proﬁles measured (red solid curve
and symbols) and calculated for the SPE on 17 January 2005 at
14:15UT for zenith angles 97.6◦ and 102.8◦ using the O, O3 and
NO proﬁles 4–6 in Fig. 1 (black curve).
Fig. 11b. Electron density proﬁles measured (red curve and sym-
bols) and calculated for the SPE on 17 January 2005 at 15:00UT
for zenith angles 100.8◦ and 105.3◦ using the O, O3 and NO pro-
ﬁles 4–6 in Fig. 1 (black curve).
ions. This leads to a signiﬁcant decrease in the effective re-
combination coefﬁcient throughout the D-region (red dashed
lines in Figs. 7, 8). Considering this effect alone, our model
computations show Ne values for χ≈90◦ and less than 90◦
which are higher (by about a factor 1.5–2) than the measured
Ne at altitudes below 70km (Figs. 5, 6). However, when we
Fig. 12 . Effective recombination coefﬁcient proﬁles calculated for
the D-region at different solar zenith angles during the SPE on 17
January 2005.
take into account changes of atomic oxygen, ozone and ni-
tric oxide concentrations (the O, O3 and NO-proﬁles 4–6 in
Fig. 1) caused by long duration precipitation of solar pro-
tons, the model Ne proﬁles reproduce, or are close to, the
experimental Ne values. Numerical modelling shows that, in
the sunlit ionosphere, the effect of changes in minor neutral
species concentration is primarily displayed in the lower D-
region (between 55–70km) (Figs. 5–8). The main cause is
changes in odd oxygen (Osepian et al., 2008, 2009). For the
same ion production rate, the total concentration of negative
ions and the λ values increase and the transition height hλ=1
rises by several km. The effect of the changed concentrations
of the minor neutral species on the f + -parameter mainly
consists in a slight increase of proton-hydrated cluster ions
and of the f +-values in the lower part of the D-region due
to a decrease of [O] and [O3]. A slight increase of f + in
the upper part of the D-region is caused by a decrease of
[O+
2 ]. Thus the strong decrease of the αeff-values associ-
ated with growth of the ion production rate is partly compen-
sated if we take in account a decrease of odd oxygen during
SPE. The efﬁciencies of the reactions with atomic oxygen
and ozone are changed which leads to redistribution of the
relative abundances of ions, both positive and negative ions
(Osepian et al., 2008, 2009). In the dark ionosphere, the in-
ﬂuence of minor species concentration on the ionisation bal-
ance is less and the inﬂuence of changes in the atomic oxy-
gen, ozone andnitric oxideconcentrationson theionospheric
parameters becomes negligible.
We have shown that model Ne proﬁles, calculated for the
same ion production rate but different χ, reproduce the dif-
ferences in the experimental Ne values obtained with the
two radars at different χ (Figs. 9–11). This shows that the
Ann. Geophys., 27, 3713–3724, 2009 www.ann-geophys.net/27/3713/2009/A. Osepian et al.: D-region twilight electron density 3723
dependence of the odd oxygen concentration on χ in the
model is correct. It means that the model describes cor-
rectly the height distributions of effective recombination co-
efﬁcient at the different χ during the SPE on 17 January 2005
(Fig. 12). It is clear that in the sunlit ionosphere (χ<90◦), in
the height range 68–77km, αeff is determined by the disso-
ciative recombination coefﬁcient of the hydrated ion cluster
family, with α≈10−6 cm3 s−1. At altitudes above 80km, αeff
is determined by the dissociative recombination coefﬁcients
of O+
2 and NO+ ions. At altitudes below 67km it is deter-
mined by the coefﬁcient of ion-ion recombination between
positive and negative ions and by the dissociative recom-
bination coefﬁcient of the proton hydrate Cluster+
2 family.
Changes in the shape of the αeff proﬁle and in the absolute
values of αeff with increasing χ are due to changes of efﬁ-
ciency of ion-molecular reactions with minor neutral species
and ion-ion reactions.
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